Abstract -In this study, we propose an adaptive compensation method for the temperature dependence of RF transformer isolation and present results of preliminary experiments. First of all, we examine the isolation temperature dependence of an RF transformer designed as a splitter, by means of both an electromagnetic simulation technique and experiments, to show the significance of the present issue. Then, we discuss the nature of a transformer core so as to obtain the most desirable isolation characteristics against a temperature change. Finally, in order to adaptively compensate for the isolation variation due to temperature, we propose a bias current superimposed on the RF signal, where the current amplitude is adjusted according to temperature change, and demonstrate the results of preliminary experiments conducted at a fixed temperature, but with different bias currents, indicating the validity of the proposed method.
Introduction
Ferrite is used in many RF devices, such as a transformer, as a key component [1] , [2] . For example, when designing an RF transformer, which is a typical RF device and uses ferrite as its core material, one has to know the temperature dependence of the material so as to realize the desired performance of the device, since ferrite permeability is affected by temperature.
Among the performance characteristics of an RF transformer, isolation has been found by previous study to have the most significant temperature dependence [3] . Therefore, in this study, we deal with the temperature dependence of the isolation and discuss a method for alleviating it. To begin with, we investigate the relationship between the isolation characteristics and nature of the ferrite core (i.e. size and permeability) in order to find a core suitable for suppressing the variation in isolation due to temperature. Then, an adaptive compensation method for improving the temperature dependence of transformer isolation by utilizing the superimposing of direct bias current, is proposed. The results of preliminary experiments are also demonstrated.
RF Splitter and its Isolation

RF Splitter
An RF splitter consisting of transformers has one input and multiple outputs and acts to deliver input power to the outputs. A transformer, in turn, consists of a ferrite core with a few turns of windings. As an example, Fig. 1 illustrates a circuit of a 2-way splitter which has one input and two output ports. The performance of a splitter is generally designated by loss L and isolation IL, which are defined as the transmission from Port 1 to Port 2 or Port 3 and that from Port 2 to Port 3 or from Port 3 to Port 2, respectively. These two performance factors are given in decibels by
where S denotes a scattering parameter [4] . 
Temperature Dependence of Ferrite Core Permeability
Ferrite permeability is known to have a frequency dependence known as dispersion and can be approximated as a function of frequency as follows. 
where ω is the angular frequency, χ rs is the magnetic susceptibility, τ is the relaxation time, and μ′ and μ″ are the real and imaginary parts of permeability, respectively. Besides the frequency dependence mentioned above, ferrite permeability is affected by temperature. In designing an RF device, such as a transformer, using ferrite, one has to measure the material's permeability at high frequencies and various temperatures. However, this measurement has not always been easy to take. In this study, we have measured this permeability temperature dependence using a combined microstrip line circuit-coaxial conductor method [5] , which is suitable for that purpose on account of the small heat capacity of the measurement circuits.
Examples of the results of the temperature dependence measured using the above circuits are demonstrated in Fig. 2 , where the temperature has been varied from -10 °C to 80 °C in 30°C steps. From Fig. 2 , one can see that both the real and imaginary parts of the permeability dispersion curves shift towards lower frequencies as the temperature increases.
In order to investigate the quantitative relationship between the permeability μ and the temperature T (K), we have determined the temperature dependence of the relaxation time τ and the magnetic susceptibility χ rs .
Plotting the logarithm of the relaxation time τ as a function of 1/T, it has been found that between -10 °C and 50 °C the two quantities can be linearly related as
where C 1 = −2280 and C 2 =5.24.
Likewise, values of the static magnetic susceptibility χ rs were estimated from the results in Fig. 2 and plotted as a function of temperature, revealing that at temperatures lower than the Curie temperature (100°C) of the sample material, the above two variables can also be linearly related as
where C 3 =14.6, and C 4 =−2570. Utilizing equations (3) and (4), we can predict the permeability dispersion at any temperature under practical circumstances.
Isolation Variation due to Temperature
Using the measurement results for the ferrite permeability dependence on temperature obtained in the previous subsection, we have calculated a temperature dependence of an RF transformer isolation by means of an electromagnetic simulation. Parameters used in the simulation are listed in Table 1 and the results are illustrated in Fig. 3 .
As can be seen from Fig. 3 , the transformer isolation becomes worse according to the temperature, ranging from -24 dB to -12 dB in this case.
Experiments corresponding to the calculation were also done and the results are illustrated in Fig. 4 , showing the isolation variation ranging from -24 dB to -8 dB, which is similar to the simulation results. Fig. 3 . Calculated results for the isolation variation due to temperature.
Fig. 4.
Experimental results for the isolation variation due to temperature.
Dependence on Core Permeability and Length
Core Permeability Dependence
The transformer isolation is considered to be dominated by the loss mechanism of electromagnetic power in the core. In other words, the isolation may be in close relation to the loss factor (tanδ=μ″/μ′) of the material's permeability. Fig. 5 and Fig. 6 show the loss factor vs. the frequency and the isolation vs. the frequency, respectively, calculated for three different cores having the material parameters listed in Table 2 . The inner and outer diameters of these cores were assumed to be 0.7 mm and 3.5 mm, respectively, and the length was 6 mm. The calculated results indicate that the above inference about the relationship between the loss factor and the isolation is right and the isolation improves according to the increase in tanδ. 
Core Length Dependence
The temperature dependence of the isolation would also be affected by the core shape or size. Thus, we have calculated the transformer isolation for ferrite cores having the same material parameters as Core 2 in Table 2 , but different lengths from 2 mm to 8 mm.
In Fig. 7 , the isolations calculated for core lengths of 2 mm to 8 mm and a constant temperature of 20 °C are plotted as a function of frequency. As can be seen, when the core length is short (2 mm), the isolation is worse (about -12 or -13 dB). The isolation improves as core length increases, i.e.
Initial permeability
Resonance frequency Core 1 100 60 MHz Core 2 500 6 MHz Core 3 2000 3.5 MHz its absolute value in decibel becomes larger. However, it degrades again as the core exceeds 7 mm in length. It can be seen from Fig. 6 that the optimum core length for obtaining the best isolation is approximately 6 mm. If the ambient temperature is other than 20 °C, the results of the isolation dependence on the core length would be different.
To illustrate this, we have made similar calculations at various temperatures and taken the average on the isolation over the whole temperature range (-10°C to 80°C). This averaged isolation and its deviation due to temperature are shown as a function of the core length in Fig. 8 . One can appreciate that the optimum core length for obtaining the most preferable isolation characteristics (on the average) is also about 6 mm. 
Adaptive Compensation
Bias Current Superimposing
As mentioned in the previous section, an appropriate choice of core length enables us to minimize the isolation variation due to temperature, but one can not suppress it completely.
In order to further suppress or compensate the isolation temperature variation, we propose superimposing a bias current on the RF signal. The circuit for realizing the present compensation method is schematically illustrated in Fig. 9 in the case of a 2-way splitter which consists of one dividing and two impedance-matching transformers. In this circuit, the bias current is superimposed on the RF signal before it enters the dividing transformer's input port. After passing through the dividing core, the DC bias flows to ground through an inductor and a resistor, while only the RF signal goes to the impedance-matching transformers. The amplitude of the bias current is adaptively adjusted according to ambient temperature so as to compensate for the isolation degradation. 
Permeability Change by Superimposing Bias Current
In order to examine the possibility of compensating the RF 2-way splitter's isolation variation due to temperature by means of superimposing a bias current, we conducted preliminary experiments, i.e. we measured the isolation by changing the bias current amplitude at a fixed temperature (room temperature). A measurement circuit and ferrite core parameters used in this experiment is shown in Fig. 10 , where the direct bias current can be adjusted from 0 mA to 500 mA. The parameters of the ferrite core used are listed in Table 3 . Fig. 10 . Example of the measurement circuit.
Measurement Results
Experimental results for the 2-way splitter's isolations obtained with the bias current of 0 mA to 500 mA are illustrated in Fig. 11 . According to the increase in the bias current, the isolation significantly improves at most frequencies above 100 MHz, though it becomes worse at frequencies lower than 100 MHz. 
Conclusion
The adaptive compensation method for the temperature dependence of transformer isolation, which utilizes superimposing direct current, has been proposed and the results of a preliminary experiment for that purpose have been reported. Although the experimental results in this study were obtained at a fixed temperature (room temperature), they imply that the proposed method would enable us to compensate the transformer isolation variation due to temperature by employing a bias current of an appropriate amplitude. The way of controlling the bias current appropriately is the subject of future work.
